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ABSTRACT: Dissolved silica (DSi) plays an important biogeochemical role in the fjords of northern Chilean Patagonia (44–48°S),
where it drives high biogenic productivity and promotes carbon burial. It is generally believed that the DSi riverine input to lakes and
coastal environments is controlled by a combination of factors including lithology, climate, topography, vegetation, and meltwater
input. In northern Chilean Patagonia several authors have proposed that the postglacial volcanic ash soils (andosols) may play a sig-
nificant role in the high supply of DSi to the regional fjords. To assess the influence of andosols on DSi concentrations in north Pat-
agonian rivers, we mapped andosol thickness and compared our results with river chemistry. The mineralogical and geochemical
composition of three representative andosol profiles was also examined to evaluate the efficiency of weathering processes. The
andosol thickness map clearly demonstrates that volcanic ash was predominantly deposited on the eastern side of the regional vol-
canoes, reflecting the influence of the prevailing westerly winds on the distribution of pyroclastic material. Mineralogical and geo-
chemical results show that the andosol parent material has the typical andesitic basaltic signature of the regional volcanoes, i.e. high
amounts of amorphous material, plagioclase, K-feldspar, and pyroxene. Down-profile variations in soil mineralogy and geochemistry
indicate increased leaching of silica with depth, resulting from weathering of the volcanic parent material. For the five studied wa-
tersheds, a highly positive correlation (R2=0.98) was found between average andosol thickness and DSi concentrations, suggesting
that andosol thickness is the main parameter affecting DSi concentrations in north Patagonian river systems. On seasonal timescales,
increased precipitation (winter) and glacial meltwater (summer) input can significantly reduce DSi concentrations. We argue that the
weathering of andosols constitutes the most important source of DSi to the lakes and fjords of northern Chilean Patagonia, explaining
the particularly high regional rates of biogenic silica production. Copyright © 2015 John Wiley & Sons, Ltd.
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Dissolved silica (DSi) is considered as one of the main nutrients
in marine and lacustrine environments. It is especially
important for the growth of diatoms, which are responsible for
approximately 30% of global ocean productivity, and up to
70% of productivity in nearshore and estuarine areas (Nelson
et al., 1995). The biogeochemical role of DSi is particularly
important in fjords, which were recently recognized as oceanic
hotspots for organic carbon burial (Smith et al., 2015). Com-
pared to the rest of southern South America, the fjords of north-
ern Patagonia (44–48°S) present the highest input of DSi and
the highest rates of diatom productivity (Aracena et al., 2011;
Torres et al., 2014). As a result, the carbon buried in the re-
gional fjords is predominantly of aquatic origin (Sepúlveda
et al., 2011). In addition to promoting high fjord productivity,
DSi inputs also limit diatom productivity along the Pacific coast
(Torres et al., 2014).It is generally believed that the DSi riverine input to lake and
coastal environments is controlled by a combination of factors
including regional geology, climate, topography, and meltwa-
ter input (Torres et al., 2014). For northern Chilean Patagonia,
it has been proposed that volcanic activity could be responsible
for the high DSi concentrations observed in the continental and
coastal surface waters (Torres et al., 2014). Although the influ-
ence of andosol distribution on the geochemistry of dissolved
and suspended loads in north Patagonian rivers was mentioned
in Bertrand et al. (2012), the degree of this influence remains
largely unknown.
Due to the high volcanic activity in the Andes, andosols are
very widespread in Chile. They are found between 36 and 47°
latitude, where they cover most of the Andes and the Central
Valley (Gut, 2008). Andosols have mostly been studied in
south-central Chile (36–41°S), where authors have demon-
strated that these soils were formed on volcanic ash that contin-
uously accumulated after the glacial retreat (Laugenie, 1982;
500 E. VANDEKERKHOVE ET AL.McCurdy, 2003; Bertrand and Fagel, 2008). While similar soils
are known to occur as far south as 47° (Gut, 2008), their exact
distribution, lateral variations in thickness, composition, and/or
parent material remain largely unknown. Current information
on soils in this region is limited to roughmaps of volcanic ash soil
extension (Gut, 2008) and localized studies of very specific soil
properties (Grez, 1984; Pfeiffer et al., 2010). Moreover, major dif-
ferences exist between northern Patagonia (44–48°S) and south-
central Chile, such as: (a) the age of deglaciation (which occurred
earlier in south-central Chile; Hulton et al., 2002; Turner et al.,
2005; Glasser et al., 2012), and therefore the duration of accumu-
lation of volcanic ash; (b) climate, which is much more humid
year-round in Patagonia (Garreaud et al., 2009); and (c) location
of the volcanoes compared with the drainage basins (mostly to
the east in south-central Chile and to the west in northern Chilean
Patagonia (Fontijn et al., 2014). Accordingly, the conclusions ob-
tained on the volcanic ash soils of south-central Chile cannot
simply be extended to Chilean Patagonia.
This paper focuses on investigating the influence of andosols on
riverine silica input to the fjords of northern Chilean Patagonia.
First, andosol thickness measurements are used to map the extent
and spatial variability in thickness of the regional volcanic ash
soils. Selected profiles are then examined to assess the impact of
weathering on the mineralogical and geochemical properties of
andosols, and hence estimate the importance of silica leaching.
Finally, the contribution of andosol weathering to the dissolved sil-
ica loads in regional rivers is examined for five distinct watersheds.Setting
The landscape of northern Chilean Patagonia (44–48°S) is char-
acterized by a complex network of islands and channels. It
contains many fjords and lakes that were formed by extensive
glacial erosion from the Patagonian Ice Sheet (PIS) during the
Quaternary. Glacial retreat after the LGM resulted in the sepa-
ration of the PIS into the northern Patagonian Icefield (NPI;
Figure 1) and the southern Patagonian Icefield (SPI), and it un-
covered most of the study region. Most of the NPI outlet gla-
ciers flow into fjords towards the west and into proglacial
lakes and rivers towards the east.
The regional geology consists mainly in granitoids, i.e. the
North Patagonian Batholith, and volcanic rocks that were
deposited during the Mesozoic and Cenozoic times (Figure 1;
Pankhurst et al., 1999). Metamorphic basement complexes and
associated magmatic rocks (eastern Andean metamorphic com-
plex and Chonos metamorphic complex; Figure 1) occur in the
western and southern part of the study region. Mid-Cenozoic
volcanic and sedimentary deposits, represented by the Traiguén
Formation (Figure 1), occur along the Liquiñe-Ofqui Fault System
(LOFS; Hervé et al., 1995), which is a large NNE–WWS trending
tectonic feature (Figure 1). The LOFS also controls the location of
most large stratovolcanoes and ofmany of the smallmonogenetic
Holocene eruptive centers (López-Escobar et al., 1995).
Five volcanoes (Melimoyu, Mentolat, Cay, Maca, and Hud-
son) are located in the studied region. They all belong to the
southern part of the southern volcanic zone of the Andes which
consists in a continuous arc of stratovolcano complexes and
volcanic fields with compositions ranging from tholeiitic,
high-Al basalts to basaltic andesites, although andesites,
dacites, and rhyolites can also occur (López-Escobar et al.,
1977, 1993, 1995; Hickey-Vargas et al., 1984, 1989; Hickey
et al., 1986; Futa and Stern, 1988; Gerlach et al., 1988). Of
these five volcanoes, Hudson is by far the most active. It was
the source of four large explosive postglacial eruptions that
were dated at 17 400, 6700, and 3600 cal yr BP, and
1991AD (Naranjo and Stern, 1998; Weller et al., 2014), andCopyright © 2015 John Wiley & Sons, Ltd.of many smaller eruptions that are represented by thin tephra
layers in regional sediment cores (Naranjo and Stern, 1998;
Bartels, 2012;Weller et al., 2014). The most recent volcanic activ-
ity of the Hudson was recorded in 2011AD (Weller et al., 2014).
No historical activity has been reported for Mentolat, Melimoyu,
Cay, and Maca volcanoes, although tephra layers associated with
Holocene explosive eruptions of Melimoyu, Mentolat and Maca
were described in lake sediments and proximal terrestrial outcrops
(Naranjo and Stern, 2004; Stern et al., 2015).
Precipitation patterns in southern South America display a
strong zonal asymmetry due to the orographic high of the
Andes and the dominating humid southern Westerlies coming
from the Pacific Ocean (Figure 2). The western side of the
Andes is dominated by a hyperhumid climate (Garreaud et al.,
2013) with precipitation reaching up to 7500mm/yr (Miller,
1976). In contrast, on the leeside of the Andes, the forced subsi-
dence causes precipitation to decrease rapidly to less than
250mm/yr (arid climate; Figure 2). The west–east temperature
gradient is not as pronounced as for precipitation. Temperature
varies between 4 °C in austral winter (July) and 13 °C is austral
summer (January), with an annual average around 8 °C (Domic
Kuscevic et al., 2000; Sagredo and Lowell, 2012).
Present-day vegetation distribution mainly reflects the west–
east precipitation gradient (Figure 2). Along the Pacific Ocean
vegetation consists in evergreen north Patagonian rainforests,
and it evolves towards a Mediterranean grass steppe close to
the Chile–Argentina border (Luebert and Pliscoff, 2006). In be-
tween the western rainforests, conifer evergreen forests occur at
the coast and interior. At higher altitudes, vegetation is domi-
nated by deciduous forest (Figure 2). Moorlands cover the
Taitao Peninsula and the hyperhumid fjord and island area
south of 47°S. The Eastern Patagonian arid landscape is domi-
nated by shrubland and gramineous steppe (Figure 2).
Several large rivers draining northern Chilean Patagonia, i.e.
Cisnes, Aysen, Baker, Gualas, and Exploradores, discharge
large amounts of fresh water into the fjords and the adjacent
eastern Pacific Ocean (Figure 1). Both Cisnes and Aysen are
nival rivers with higher discharge in spring (Calvete and
Sobarzo, 2011), whereas Gualas, Exploradores, and Baker riv-
ers display a glacial regime due to their proximity to the NPI
(Dussaillant et al., 2012). The latter is also the largest river of
Chile (highest mean discharge).Materials and Methods
Sampling
The samples and data used in this studywere collected during two
field expeditions in January–February 2012 and 2013. Volcanic
ash soil thickness was measured in quarries, along road cuts, or
along river cuts where anthropogenic influence was minimal.
The profiles selected for investigation have a relatively flat top, flat
contact with the underlying deposits, and parallel internal struc-
tures, when visible. Sixty-eight profiles were described (lithology,
structures, and Munsell color), photographed, and the thickness
of the volcanic ash depositswasmeasured by placing a tapemeter
vertically against the section. Profiles were labeled APXX-YY, with
AP standing for ‘Andosol Profile’, XX referring to the year of mea-
surement, and YY representing the profile number (Figure 3). Their
location was recorded with a Garmin Etrex GPS (Supplementary
information, Table S1). Sites that were visited but did not contain
andosols were also recorded (Figure 3 and Figure S2 in Supple-
mentary information). Three of the andosol profiles (AP12-04,
AP12-02 and AP13-11; Figures 1–3) were sampled for geochemi-
cal and mineralogical analysis every five (AP12-02 and AP13-11)
or ten (AP12-04) cm, depending on the thickness of the profile.Earth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
Figure 1. Geological map of the study region, displaying the location of the five studied watersheds (from north to south: Cisnes, Aysen,
Exploradores, Gualas, and Baker), and the main river systems draining these basins. NPI and LOFS stand for Northern Patagonian Icefield and
Liquiñe-Ofqui Fault System (Cembrano and Lara, 2009), respectively. The dashed white line represents the Chile-Argentina border. The lithological
units are based on the geological maps of Chile (Sernageomin, 2003) and Argentina (Segemar, 1998). This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
501VOLCANIC ASH SOILS OF NORTHERN CHILEAN PATAGONIAIn addition to the soil samples, this study makes use of river
water samples that were collected in October–November
2011 at the outflow of the main rivers draining northern
Chilean Patagonia and flowing to the fjords (Figure 1). For each
river, four to five samples were collected along a vertical pro-
file, and preserved in I-Chem cubitainers. They were filtered
within 24 h of sampling using a pressurized filtration system
equipped with a 90mm diameter PEF membrane (pore size
0.22μm). These filtered samples were preserved in pre-
acidified 125ml HDPE Nalgene bottles and kept at 4 °C until
analysis. Additional river water samples were collectedCopyright © 2015 John Wiley & Sons, Ltd.monthly at the outflow of Aysen and Baker rivers in 2008–
2010. These samples were collected with a syringe and filtered
on the field using 0.45μm nitrocellulose filters. They were
stored in high density plastic vials at room temperature until
analysis.Andosol isopach mapping
An isopach map of volcanic ash soil thickness was created
using Surfer 9, based on the values measured at the 68Earth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
Figure 2. Vegetation map (modified after Luebert and Pliscoff, 2006) and annual precipitation (from Hijmans et al., 2005) of northern Chilean Pat-
agonia. The distribution of the vegetation units is clearly related to the strong west–east precipitation gradient. The white stars represent soil profiles
AP12-04, AP12-02, and AP13-11, which receive precipitation amounts of approximately 2600, 1400, and 725mm/yr, respectively. This figure is
available in colour online at wileyonlinelibrary.com/journal/espl
502 E. VANDEKERKHOVE ET AL.andosol profiles. Gridding was made with the Kriging
method. In addition to the AP thickness data, additional
points were added to the database to provide additional
constraints in areas were field data are scarce. These extra
locations include thickness values assigned to volcanoes
based on their postglacial eruptive history, points reflecting
areas where volcanic ash soils are absent, and western ex-
tent of the occurrence of andosols, as indicated on the soil
map of southern South America (Gut, 2008). Ash fall distri-
bution maps of the largest eruptions of Hudson (NaranjoCopyright © 2015 John Wiley & Sons, Ltd.and Stern, 1998), Maca, and Mentolat volcanoes (Naranjo
and Stern, 2004) were used to enhance the final shape of
the volcanic ash soil thickness map in the immediate
vicinity of the volcanoes (<20 km). Since gridded thickness
values <0.1m do not correspond to andosols on the field
(volcanic ash was likely not preserved), 0.1m was consid-
ered as the limit of andosol cover. Consequently, this map
was used to calculate the volume and average thickness of
the volcanic ash deposited in each watershed, using the
volume calculation tool in Global Mapper 16.Earth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
Figure 3. Volcanic ash soil thickness map of northern Chilean Patagonia with indication of the investigated profiles AP12-04, AP12-02, and AP13-
11. The green dots represent locations where soils developed on non-volcanic material were described during the 2013 field expedition (e.g. histosol
SS13-10 in Figure S2). The isopach map was validated using lake sediment cores (orange dots) with known cumulated post-glacial tephra thickness:
(1) Laguna Oprasa (3 cm; Haberle and Lumley, 1998); (2) Laguna Miranda (10 cm; Haberle and Lumley, 1998); (3) Lago Shaman (9 cm; de Porras
et al., 2012); (4) Mallίn El Embudo (36 cm; de Porras et al., 2014); (5) Lago Castor (79.9 cm; Van Daele et al., 2016); (6) Mallίn Pollux (>42 cm;
Markgraf et al., 2007); and (7) Lago Augusta (12 cm; Villa-Martínez et al., 2012). The striped area near Hudson volcano highlights a region where
volcanic ash soil thickness may have been overestimated. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
503VOLCANIC ASH SOILS OF NORTHERN CHILEAN PATAGONIASoil sample pre-treatment
The three sub-sampled profiles (AP12-04, AP12-02 and AP13-
11; Figures 4–6) come from sites with precipitation amounts
typical for the region, ranging from 725mm/yr (AP13-11) to
2600mm/yr (AP12-04) (Figure 2). Profile AP12-02 is locatedCopyright © 2015 John Wiley & Sons, Ltd.in an intermediate setting, with precipitation values averaging
around 1400mm/yr. Before analysis, the soil subsamples were
oven-dried at 60 °C and manually sieved at 90μm, using a
10 cm Ø Retsch stainless steel test sieve. Analyses were con-
ducted on only the finest fraction (<90μm), ensuring a limited
influence of grain-size on the analytical results. This isEarth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
504 E. VANDEKERKHOVE ET AL.particularly important for andosols since volcanic deposits can
contain very coarse (>10 cm Ø) particles, depending on the
explosivity of the successive eruptions.Mineralogy
Themineralogical composition of every other samplewas deter-
mined by X-ray diffraction (XRD) analysis. Before analysis, sam-
ples were prepared using the non-destructive Backside method
(Brown andBrindley, 1980). Sampleswere analyzed on a Bruker
D8-Advance diffractometer, which uses CuKα-radiations, and
submitted to XRD between 5° and 45° 2θ. The step size was
0.02° and scan speed was set at 2 s/step. The resulting
diffractograms were semi-quantified (wt.%) following Cook
et al. (1975) where the intensity of the principal diffraction peak
of each mineral was corrected by a multiplication factor (pyrox-
ene: 5; K-feldspar: 4.3; amphibole: 2.5; plagioclase: 2.8; and
quartz: 1). To determine the amorphous material content, the
maximum height of the amorphous diffraction band was mea-
sured andmultiplied by 75 following Bertrand and Fagel (2008).Inorganic geochemistry
Elemental analysis of the soil samples was performed by X-ray
fluorescence (XRF) on fused Li-borate glass beads after loss on
ignition at 1000 °C. Analyses were performed using an ARL
PERFORM-X 4200. Duplicate analyses of 105 reference mate-
rials indicate an accuracy (1σ) of 0.506% and 0.232% for
SiO2 and Al2O3, respectively.
DSi concentrations of the October–November 2011 river
water samples were measured using a Varian 720-ES ICP-OES.
For the river water samples collected in 2008–2010, DSi was
determined spectrophotometrically using a modified version
of the method of Strickland and Parsons (1968), according to
the protocols of Joint Global Ocean Flux Study (JGOFS, 1996).
Samples were reacted with ammonium molybdate and metol-
sulfide was used as a reducer.Results
Volcanic ash soil thickness map
The isopach map of volcanic ash soils in northern Chilean
Patagonia (Figure 3) displays thickness values decreasing loga-
rithmically with increasing distance from the source volcanoes
Hudson, Cay, Maca, and Mentolat. The decrease is very steep
towards the west and more gentle towards the east. To the west,
the volcanic ash soil cover extends to the north–south oriented
Elefantes-Moraleda fjords. The southern extent of the volcanic
ash soils runs through the Baker and Exploradores watersheds,
where it coincides with a large part of General Carrera Lake.
The eastern boundary of the volcanic ash soils has only beenTable I. Calculated volcanic ash volumes deposited in the five studied wate













Cisnes 5357 69.7 6.35 1.19
Aysen 12 315 100.0 28.82 2.34
Exploradores 1860 36.1 0.18 0.10
Gualas 361 0.0 0.00 0.00
Baker 29 396 26.7 18.88 0.64
Copyright © 2015 John Wiley & Sons, Ltd.mapped in the Cisnes drainage basin. Towards the east, the
andosol cover extends into Argentina.
The area with the thickest volcanic ash soils is located to the
east and southeast of Hudson volcano, reflecting the large ex-
plosive eruptions of this volcano during the Holocene (Naranjo
and Stern, 1998). Only one watershed (Aysen) is completely
covered by andosols (Figure 3; Table I). Its average volcanic
ash soil thickness reaches 2.34m (Table I). In contrast, volcanic
ash soils are absent from the small Gualas catchment. The vol-
canic ash soil volume is higher in Aysen watershed (28.82 km3)
than in the four other watersheds combined (Table I). This is di-
rectly related to its location immediately to the east of most of
the regional active volcanoes (Figure 3).Bulk mineralogy
The three profiles that were investigated for mineralogy and
geochemistry have a thickness ranging from 134 to 450 cm
(Figures 4–6). They consist of light brown or light yellow orange
to black layered deposits of coarse silt and sand with distinct
pumice layers or pumice particles that are imbedded in the de-
posits. The profiles are underlain by granitic bedrock (AP12-04;
Figure 4) or pre-Holocene fluvio-glacial sediments (AP13-11
and AP12-02; Figures 5 and 6).
All the samples analyzed by XRD contain amorphous material,
quartz, plagioclase, K-feldspar, and pyroxene (Figures 4–6).
Amphibole was detected in only two samples (AP12-02-20 and
AP13-11-0).
Profile AP12-04 (Figure 4) is dominated by amorphous parti-
cles (46 ± 11%; 1σ), and plagioclase (33 ± 11%), without any
clear trend with depth. This profile contains the lowest quartz
amount (1 ± 1%). The mineralogy of profile AP12-02 (Figure 5)
is similarly dominated by amorphous particles (47 ± 9%) and
plagioclase (26 ± 6%), which are both slightly decreasing
towards the bottom of the profile due to the increasing quartz
content (9 ± 9%). In AP12-02, amphibole occurs in one of the
fluvio-glacial samples (AP12-02--20; 10%). Although profile
AP13-11 (Figure 6) is also dominated by amorphous particles
(48 ± 12%) and plagioclase (24 ± 8%), these two components
clearly decrease towards the bottom of the profile, to the advan-
tage of quartz, which reaches concentrations above 20%. The
only exception to these well-marked trends is for sample AP13-
11-100, which shows relatively high quartz concentrations.
One can also notice that the highest values of amorphous mate-
rial are consistent with the presence of coarse pumice layers in
samples AP13-11-90, AP13-11-80, and AP13-11-70. In profiles
AP13-11 and AP12-02 (Figures 5 and 6), i.e. the two profiles
underlain by fluvio-glacial deposits, the highest quartz contents
occur in the fluvio-glacial deposits and at the base of the andosol
profiles, indicating the incorporation of quartz particles in the
lowermost volcanic ash deposits. This is in contrast with profile
AP12-04 (Figure 4), which covers granitic bedrock, and does
not contain significant amounts of quartz.rsheds compared to average annual precipitation (Hijmans et al., 2005),

















1181 69.2 1.4 18.0 0.6
1101 41.7 0.1 16.8 1
1553 95.6 17.3 23.6 0.0
1742 100.0 54.1 23.2 0.0
707 20.6 8.0 15.1 8.1
Earth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
Figure 4. Lithology, mineralogy and geochemistry of profile AP12-04 (see Figures 1–3 for location). The CIAvalues were calculated after quartz cor-
rection (see section ‘Nature of andosol parent material and weathering’). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
Figure 5. Lithology, mineralogy and geochemistry of profile AP12-02 (see Figures 1–3 for location). The CIA values were calculated after quartz cor-
rection (see section ‘Nature of andosol parent material and weathering’). The legend is presented in Figure 4. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
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Copyright © 2015 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
Figure 6. Lithology, mineralogy and geochemistry of profile AP13-11 (see Figures 1–3 for location). The CIA values were calculated after quartz cor-
rection (see section ‘Nature of andosol parent material and weathering’). The legend is presented in Figure 4. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
506 E. VANDEKERKHOVE ET AL.Geochemistry
Of the three investigated profiles, AP13-11 displays the highest
average silica concentrations (59.67 ± 1.50wt.%; 1σ; Figure 6),
whereas in profiles AP12-04 (Figure 4) and AP12-02 (Figure 5)
SiO2 occurs in lower concentrations (49.04 ± 4.77wt.% and
50.07 ± 4.88wt.%, respectively). Al2O3 concentrations show large
differences between profiles. The lowest values are recorded in
AP13-11 (18.83 ± 0.57wt.%), followed by profile AP12-04
(24.85 ± 3.29wt.%) and profile AP12-02 which contains on aver-
age 26.61 ± 4.30wt.% Al2O3. The three profiles show a decrease
in SiO2 and an increase in Al2O3 with depth. The SiO2/Al2O3 ra-
tio decreases with depth in profile AP12-04 (Figure 4) but does
not show any continuous and consistent trend in AP12-02 and
AP13-11 (Figures 5 and 6). The largest variability in elemental
concentrations occurs in the upper part of the profiles.
For each river, water samples collected along vertical profiles
at the river outflows have similar DSi concentrations (Table II).
Large differences in average DSi concentrations however occur
from river to river (Table II) with concentrations ranging from
0.56mg L1 (Gualas) to 3.66mg L1 (Aysen). The resulting
DSi flux estimates vary from 1.48 × 109 g/yr to 66.37 × 109 g/yr
(Table II). DSi concentrations measured monthly throughout
the year (2008–2010) seem to display seasonal variations
(Supplementary information, Figures S3 and S4).
Discussion
Validation of the isopach map
Before using the soil thickness map, we compared the results
shown in Figure 3 with the cumulated thickness of postglacialTable II. DSi flux estimates based on river discharge and DSi








Cisnes 1.91 ± 0.05 273 ± 5 16.44
Aysen 3.66 ± 0.08 575 ± 12 66.37
Exploradores 0.96 ± 0.06 399 ± 5 12.08
Gualas 0.56 ± 0.02 84 ± 9 1.48
Baker 1.37 ± 0.09 1120 ± 22 48.39
Copyright © 2015 John Wiley & Sons, Ltd.tephras preserved in lake sediment cores. A total of seven lake
sediment cores were examined (Figure 3). Tephra preserved in
Laguna Oprasa (3 cm) and Laguna Miranda (10 cm) (Haberle
and Lumley, 1998), which are located on the western side of
our study area, confirm the western extension and thickness
of the volcanic ash soils. Tephra preserved in sediment cores
from Lago Shaman and Mallίn El Embudo, both located in
the upper part of Cisnes watershed, show cumulative thick-
ness of 9 cm (de Porras et al., 2012), and 36 cm (de Porras
et al., 2014), respectively, which is in agreement with the
location of the 10 cm isopach in-between these two lakes
(Figure 3).
Further south in Lago Castor (Van Daele et al., 2016) and
Mallίn Pollux (Markgraf et al., 2007), cumulated tephra thick-
nesses reach 79.9 cm and > 42 cm (not all tephras were
described in details), respectively. These two records seem to
contain slightly less tephra than that represented in Figure 3,
although volcanic ash soil thickness in profile AP12-01,
which is located on the shore of Lago Castor, clearly reaches
120 cm (Supplementary information, Table S1). This discrep-
ancy may be due either to the non-representativeness of site
AP12-01, which is located in a valley where tephra can lo-
cally over-accumulate, and/or to the non- or incomplete
deposition of low density (pumice-rich) tephra in lakes Castor
and Pollux.
Finally, the sediment record of Lago Augusta, which is located in
the northernmost part of Baker watershed, contains a cumulated
tephra thickness of 12cm (Villa-Martίnez et al., 2012), which is
slightly higher than values mapped in that region (<10cm). This
can be explained by the lake environment yielding better preserva-
tion potential of tephra deposits than terrestrial environments, espe-
cially thin deposits (Fontijn et al., 2014).
In general the isopach map is in excellent agreement with
cumulated thickness of tephra layers in lakes. Although minor
differences exist, they can generally be explained by the
reworking of tephra in terrestrial environments and their inho-
mogeneous deposition in lakes (Bertrand et al., 2014).Spatial variability in andosol thickness
The volcanic ash soil thickness map (Figure 3) clearly demon-
strates the significant control of the Westerlies on the distribu-
tion of andosols in northern Chilean Patagonia. The volcanic ashEarth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
507VOLCANIC ASH SOILS OF NORTHERN CHILEAN PATAGONIAsoils are thick and widespread on the eastern side of the volcanoes
whereas their thickness sharply decreases to the western side. The
decline in thickness towards the west is so steep that andosols are
replaced by cambisols and histosols within less than 50km to the
west of the volcanoes (e.g. Taitao Peninsula and Chonos Archipel-
ago, Figure 3). Comparison of the volcanic ash soil extent (Figure 3)
with the soil map of Gut (2008) indicates differences for the south-
ern limit of andosols. Gut’s map illustrates the presence of andosols
to the south of General Carrera Lake, up to latitudes >47°S,
whereas no volcanic ash soils were observed on the field in this
area. Our detailed soil thickness map demonstrates that the south-
ern limit of the volcanic ash soils is restricted to approximately
46.5°S, with a central lobe reaching almost 47°S (Figure 3).
The observation that the andosols are thick and extend far to
the east of the regional volcanoes is in direct agreement with
the distribution of tephras emitted by the regional volcanoes
during the Holocene (Naranjo and Stern, 1998, 2004; Fontijn
et al., 2014). More specifically, the volcanic ash distribution
map (Figure 3) clearly displays two distinctive lobes on the
eastern side of Hudson volcano. The shape of these lobes is
similar to the isopachs of the three largest Holocene eruptions
of the Hudson volcano. The first lobe, located in the southern
region, mimics the 6700 BP and 1991AD eruption events, for
which the thickness of volcanic ash is declining in a southeast-
ward direction (S40°E; Naranjo and Stern, 1998), whereas the
second lobe, situated directly to the east of the volcano,
roughly follows the lobe of the 3600 BP eruption, where the
axis of dispersal is in a more easterly direction. Moreover, the
lobe visible on the eastern side of the volcanoes Cay and Maca
(Figure 3) matches the distribution of volcanic ashes of the
1540 BP Maca eruption (Naranjo and Stern, 2004).
In addition to volcanic ash transport by the westerlies, another
factor that may influence the gradual decrease in volcanic ash
soil thickness towards the east is vegetation density. As
mentioned in the section ‘Sampling’, the eastern part of the study
region is characterized by a dry and sparsely vegetated steppe-
dominated landscape that is very susceptible to wind erosion
(Peri and Bloomberg, 2002; Villa-Martίnez and Moreno, 2007).
In such landscapes tephra preservation is restricted to sites where
vegetation occurs, as demonstrated byWilson et al. (2011) for de-
posits from the 1991AD Hudson eruption.Processes affecting andosol thickness at the local
scale
Although the andosol thickness map presented above is accu-
rate at the scale of northern Patagonia, several factors may af-
fect the thickness of the volcanic ash soils at the local scale.
First, volcanic ash fall deposits are not entirely independent
of pre-existing topography. This influence is particularly impor-
tant on steep slopes and above the treeline, where tephra is
prone to erosion and remobilization.
Second, tephra thickness may have been overestimated in
the nearby vicinity of the volcanoes since volcanic deposits
near craters are generally too coarse and/or consolidated to al-
low formation of andosols (see striped area in Figure 3). Al-
though the ash soil thickness map present values above 10m
on the flank of regional volcanoes, the highest volcanic ash soil
thickness that was actually measured is 8.10m (southeast of
Hudson volcano; Figure 3). As a result, the calculated volume
of volcanic ash soils may be slightly overestimated.
A third factor is the age of deglaciation, which was not syn-
chronous over Patagonia (Hulton et al., 2002). Regions that de-
glaciated early have accumulated volcanic ash during a longer
period of time.Copyright © 2015 John Wiley & Sons, Ltd.Nature of andosol parent material and weathering
The mineralogical composition of the investigated samples,
which is dominated by amorphous material, plagioclase, K-
feldspar, and pyroxene (Figures 4–6), confirms the volcanic na-
ture of the parent material. The high amount of plagioclase (24
± 8%, 26 ± 6%, and 33 ± 11% for profiles AP13-11, AP12-02,
and AP12-04, respectively) and pyroxene (5 ± 1%, 6 ± 2%, and
7 ± 2% for profiles AP13-11, AP12-02, and AP12-04, respec-
tively) in the volcanic ash soil samples is consistent with their
origin from the regional SVZ volcanoes since these minerals
are commonly found in basalts and andesitic basalts (Shoji
et al., 1993). The high amounts of material quantified as amor-
phous by XRD is the result of the combined contribution of vol-
canic glass, organic matter, and non-crystallized clays. These
values are comparable with the amorphous content found in
andosol outcrops from south-central Chile (Bertrand and Fagel,
2008). Darker horizons generally correspond to levels enriched
in organic matter (Figures 4–6). Proper A horizons are, how-
ever, absent since volcanic ash accumulated in several phases
during the Holocene, rapidly burying the immature organic
horizons.
The only minerals that were observed in the volcanic ash soil
samples and that are not related to regional eruptive volcanism
are quartz and amphibole (Figures 4–6; D’Orazio et al., 2003;
Stern et al., 2007; Ruggieri et al., 2011). The presence of these
two minerals in profiles AP13-11 and AP12-02 can easily be
explained by the fluvio-glacial nature of the underlying de-
posits, which are generally composed of eroded granitoids
(Nelson et al., 1988; Pankhurst et al., 1999; Bertrand et al.,
2012) and therefore likely provided the quartz and amphibole
grains that occur at the bottom of the profiles. This interpreta-
tion is in agreement with results previously obtained on
andosol profiles underlain by fluvio-glacial deposits in
south-central Chile (Bertrand and Fagel, 2008), where the
lower parts of the andosol profiles were similarly enriched in
quartz and amphibole. Incorporation of quartz and amphi-
bole is negligible in profile AP12-04 since it is underlain by
granitic bedrock. The very low amount of quartz in profile
AP12-04 could also be related to higher dilution by volcanic
ash since this profile is three times thicker than profiles
AP13-11 and AP12-02 due to its location close to the source
volcanoes (Figure 1). The particularly high quartz content of
profile AP13-11 throughout is probably due to its particular
location downwind of mountain ranges (e.g. Cerro Castillo)
that have likely been affected by pro-glacial erosion processes
during most of the Holocene, hence providing a continuous
source of fine-grained quartz particles to site AP13-11. Simi-
larly, anthropogenic contamination from road construction,
which typically uses local fluvio-glacial deposits, can explain
the higher quartz content in the uppermost two samples
(Figure 6).
The presence of quartz (of non-volcanic origin) at the bottom
of andosol profiles AP12-02 and AP13-11 has a large influence
on the geochemical composition of these two profiles, masking
the effects of weathering on volcanic ash. To discuss the
weathering of the volcanic ash fraction of the andosols only,
the elemental compositions were recalculated on a quartz-free
fraction, i.e. after subtraction of Si contained in quartz as mea-
sured by XRD. After correction, all three profiles display clear
decreasing Si and increasing Al trends with depth (Figure 7
and Figure S1 in Supplementary information), indicating stron-
ger weathering for older deposits. On the TAS plot (Figure 7),
one can notice that the uppermost, i.e. less weathered, samples
of the three profiles reflect a basaltic to andesitic composition,
in agreement with volcanic material emitted by the regional
volcanoes. The effect of weathering can be seen in Figure 7,Earth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
Figure 7. TAS plot of the samples collected in andosol profiles AP13-11, AP12-02, and AP12-04. SiO2 and Na2O+K2O percentages were corrected
for quartz as described in the section ‘Nature of andosol parent material and weathering’. For comparison, the average of regional bulk tephra, ash,
and pumice samples (SiO2 = 62.98 ± 7.37wt.%; Na2O+K2O = 6.32 ± 1.51wt.%; n=19; Fuenzalida, 1974; Naranjo and Stern, 1998, 2004) is also
shown. The volcanic ash soils are depleted in SiO2, Na2O, and K2O compared with the parent material since these elements are leaching during
weathering. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
508 E. VANDEKERKHOVE ET AL.which displays a 23, 50, and 36% decrease in SiO2 from top to
bottom of profiles AP13-11, AP12-02, and AP12-04,
respectively. This marked decrease in silica concentrations
likely represents the weathering of the andosols parent mate-
rial, which is dominated by the dissolution of volcanic glass,
which is known to be prone to weathering (Shoji et al.,
1993). In addition to silica concentrations decreasing down-
wards, Figure 7 also displays moderate leaching of the alkali
elements, with Na2O+K2O decreasing by 14 and 33% rela-
tively for profiles AP13-11 and AP12-04, respectively,
whereas a relative increase of 42% in Na2O+K2O is displayed
for profile AP12-02. This increase may be due to the influence
of the underlying fluvio-glacial deposits, which, in addition to
quartz, also contain Na- and/or K-rich minerals (e.g. feldspar).
The downward increase in weathering is also confirmed by
the values of the Chemical Index of Alteration (CIA; Nesbitt
and Young, 1982), which increase from 50–55 to 61–80
(Figures 4–6).
Although the volcanic ash soils of northern Chilean Patagonia
are relatively recent, i.e. they only developed after the last
glaciation, the base of the profiles is already highly weathered.
Two factors can explain the regional high weathering rates.
First, tephra emitted by the regional volcanoes has a basalt to
andesitic basalt composition (Figure 7), and Si-poor tephras
have higher weathering rates than more siliceous (rhyolitic)
deposits (Shoji et al., 1993; Wolff-Boenisch et al., 2004).
Second, the regional climate is hyperhumid year-round,
enhancing weathering rates and therefore increasing the
leaching of Si, in particular from fresh volcanic glass (Arnalds,
2012). The effect of precipitation on andosol weathering is
particularly clear when comparing profiles AP13-11 and
AP12-02 (Figure 7). Although the two profiles have approxi-
mately the same thickness, profile AP12-02 is more weathered
(lower SiO2 and alkali concentrations, and much higher CIA
values at the base of the profile), due to its location in a high
precipitation area (1400mm/yr) compared with AP13-11
(725mm/yr).Copyright © 2015 John Wiley & Sons, Ltd.Influence on river chemistry
It was recently suggested that the postglacial volcanic ash soils
may explain the particularly high supply of DSi to the fjords of
northern Chilean Patagonia (Torres et al., 2014). To assess the
influence of andosols on DSi concentrations in north Patagonian
rivers, we comparedDSi concentrationsmeasured in spring 2011
in the five main rivers that discharge into the fjords (Figure 1;
Aysen, Cisnes, Baker, Exploradores, and Baker) with the average
volcanic ash soil thickness of the corresponding watersheds
(Table I). The results demonstrate a strong positive linear rela-
tionship (R2=0.98, P<0.001; Figure 8(a)). Rivers that drain
watersheds with thick volcanic ash soils, e.g. Aysen and Cisnes,
systematically have higher DSi concentrations. Although the
correlation presented in Figure 8 is based only on DSi values
measured in spring 2011, seasonal variations in DSi concentra-
tions are smaller than river-to-river differences (see whisker
plots in Figure 8), making the correlation regionally robust and
relatively independent of seasonal variations.
In addition to volcanic ash soil thickness, other factors or processes
may influence DSi concentrations in Patagonian river systems.
First, the other soils occurring in the studied watersheds,
i.e. cambisols and histosols, could possibly also contribute to the
input of DSi in regional rivers. However, these soils are thin and
highly immature (Figure S2) implying a very limited influence on
DSi concentrations.
Another factor is the nature of the regional geological bed-
rock. As shown in Figure 1, the regional geology is dominated
by granitoids (35%) and metamorphic rocks (18%). The corre-
lation between the percentage of granitoids in each watershed
(Table I) and DSi concentrations is however insignificant
(R2=0.31, P=0.33), suggesting that the nature of the geological
bedrock does not play an important role in controlling DSi dif-
ferences in north Patagonian rivers. A third factor is climate.
The correlation between precipitation (Table I) and DSi con-
centrations is however insignificant (R2=0.22, P=0.43), mean-
ing that differences in precipitation across northern ChileanEarth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
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Figure 8. Relationships between DSi concentrations and (a) average volcanic ash soil thickness, and (b) glacier coverage (see Table I for data). DSi
concentrations were measured on samples collected in austral spring at the outflow of Rio Cisnes, Rio Aysen, Rio Exploradores, Rio Gualas, and Rio
Baker (see section ‘Sampling’). Diamonds indicate DSi concentrations collected in austral spring 2011. The green box-whisker symbols indicate the
range (1σ and 2σ) of seasonal DSi concentrations, from samples taken in 2008–2010. Average glacier coverage was calculated from Glasser et al.
(2011). This figure is available in colour online at wileyonlinelibrary.com/journal/espl
509VOLCANIC ASH SOILS OF NORTHERN CHILEAN PATAGONIAPatagonian are not responsible for the regional differences in
riverine DSi concentrations. Likewise, temperature is rather ho-
mogenous across the study region (Garreaud et al., 2013) so it
cannot be responsible for the observed variations in DSi. A di-
rect consequence of this lack of relation between DSi concen-
trations and climate is that the influence of vegetation can also
be excluded since the distribution of vegetation is mostly con-
trolled by the longitudinal gradient in precipitation (Figure 2).
Another potentially important parameter is topography. The
influence of topography on riverine DSi concentrations is based
on the principle that on steep slopes, dissolution of andosols is
lower because of the limited duration of the contact between
water and soil particles (Andrews et al., 2004). In Patagonia, this
influence may be reinforced by the non-preservation of
volcanic ash soils on the steepest slopes (Duffield et al., 1979;
Wright et al., 1980; Cas andWright, 1995). Correlation between
average slope and DSi concentrations however indicates that
this relation is negligible (R2=0.38, P=0.27; Table I).
One variable that seems to significantly affect DSi concentra-
tions is glacier coverage (R2=0.98; Table I; Figure 8(b)). This sig-
nificant relation can be explained by the high input of DSi-poor
meltwater in regions where glacier coverage is high, such as
the Gualas and Exploradores watersheds (Figure 1). The highly
significant logarithmic correlation between these two variables
may however be affected by the uneven distribution of glaciers,
which predominantly occur in regions poorly covered with
andosols (i.e. southern part of the study region, Figure 3).
Finally, since lakes have the ability to act as DSi traps
(Conley et al., 2000) lake coverage may also decrease riverine
DSi concentrations. This influence is, however, minimal
(R2=0.00, P=0.96) in our study region, very likely because: (1)
lake coverage is lower than 1% in most watersheds (Table I;
Figure 1); and (2) most Patagonian lakes are ultra-oligotrophic,
which limits DSi uptake (De Los Rίos-Escalante et al., 2013).
Taken together, these results indicate that volcanic ash soil
thickness is the primary variable controlling the large-scale dif-
ferences in DSi concentrations in north Patagonian rivers. Al-
though the influence of glacier coverage is also significant, it
is not entirely independent of volcanic ash soil distribution,
and the role of meltwater input is likely more important on
shorter, i.e. seasonal, timescales (Supplementary information,
Figure S3). The other major difference between the twoCopyright © 2015 John Wiley & Sons, Ltd.variables is that the volcanic ash soils constitute the source of
DSi while meltwater input dilutes the riverine DSi concentra-
tions. Since glacier coverage is not linearly correlated with
DSi (Figure 8), it is impossible to calculate the weight of each
variable using a simple multiple regression analysis.
Our results have important implications for lake and fjord pro-
ductivity. They imply that the particularly high DSi concentra-
tions that were measured in the fjords of northern Chilean
Patagonia (Torres et al., 2014) originate from the weathering of
Holocene volcanic material, which is exceptionally abundant
in northern Chilean Patagonia, and the subsequent transport of
dissolved material by river systems. Calculations based on trends
in SiO2 concentrations in profiles AP12-04, AP12-02, and AP13-
11 and on average volcanic ash soil thickness result in an
estimated value of 2.43 ×109 tons of silica leached from the five
studied watersheds since the deglaciation. Comparison with
present-day river discharge and DSi concentrations suggests that
DSi concentrations in north Patagonian rivers were similar to
present-day values during most of the Holocene, i.e. since the
start of volcanic ash deposition. Without volcanic ash soils, lake
and fjord primary productivity in Chilean Patagonia would likely
be significantly reduced, resulting in lower rates of carbon burial.Conclusions
Volcanic ash soils cover a vast area of northern Chilean Patagonia
(44–48°S). According to the isopach map created in this study,
their distribution is significantly influenced by the Westerlies,
with thick andosols occurring on large distances to the east
of the regional volcanoes. Their western extent, on the other
hand, is restricted to a few tens of kilometers from the source
volcanoes. Down-profile variations in mineralogy and geo-
chemistry indicate that the andosols are heavily weathered,
and that weathering releases significant amounts of dissolved
silica to the regional rivers, mostly through leaching from vol-
canic glass. At the regional scale, a highly positive correla-
tion was found between average andosol thickness and
riverine DSi concentrations, suggesting that andosol thickness
is the main parameter that affects spatial variations in DSi
concentrations in north Patagonian river systems. Although
glacier coverage also significantly correlates with riverineEarth Surf. Process. Landforms, Vol. 41, 499–512 (2016)
510 E. VANDEKERKHOVE ET AL.DSi concentrations, the influence of glaciers on river chemistry
is not independent of ash soil distribution, and it mostly affects
variations in DSi at seasonal timescales. Our results therefore
show that andosol weathering is the main source of DSi to the
rivers, lakes, and fjords of northern Chilean Patagonia. The
presence of a thick cover of volcanic ash soils in the region
helps explain the particularly high rates of biogenic productivity
that were measured in the regional fjords. In addition, our
results suggest that terrestrial weathering may strengthen the
efficacy of the biological pump, and therefore increase the
drawdown of atmospheric CO2 concentrations, even at millen-
nial timescales.
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